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We present a novel technique in which the total internal 
quantum state of an atom may be reconstructed via the mea- 
surement of the momentum transferred to an atom follow- 
ing its interaction with a near resonant travelling wave laser 
beam. We present the first such measurement and demon- 
strate the feasibility of the technique. 

PACS number(s): 39.10.4-j, 42.50.Vk, 42.50.-p, 42.50.Ct 



The development of methods for completely determin- 
ing the quantum state of an atom or cavity field m con- 
tinues to be an important issue in atomic physics. For 
example, in the field of quantum optics, schemes have 
been recently proposed, based on the Stern-Gerlach ef- 
fect, for completely determining the quantum state of an 
atom as a way of fully characterisingthe quantised elec- 
tromagnetic field of a cavity mode 1^]. The reconstruc- 
tion of an internal atomic state is important for goals as 
far reaching as reading the end-state of a quantum gate 
operation [pi and teleportation of internal atomic states 
Q. Walser et. al. g| describe a scheme whereby the field 
state of a cavity could be transferred to the magnetic sub- 
levels of the internal state of an atom by the technique of 
adiabatic passage, thus converting the problem to one of 
determining a quantum state of an atom. Atom deflec- 
tion has been suggested as a probe of the photon number 
in a cavity Q and atom deflection has also been used to 
measure the Mandel Q parameter of photon statistics for 
resonance fluorescence MM- This technique provides a 
significant improvement over conventional photon count- 
ing schemes due to the poor efficiency of photon detection 
which affects measurements of the Q parameter. In the 
field of electron- atom collision physics, the measurement 
of the atomic collision density matrix using coincidence 
and superelastic scattering methods depends on the com- 
plete determination of the quantum state of the atom S . 

The internal quantum state of an atom can be de- 
scribed by the density matrix formalism which contains 
all the information about the quantum system. In princi- 
ple, if one can measure all elements of the density matrix, 
then complete reconstruction of the quantum state of a 
system is possible. Atomic states are relatively insensi- 
tive to decoherence and can maintain an initial quantum 
state for long time scales compared to the characteristic 
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times for preparation and detection, and as such they are 
frequently used in quantum computing proposals where 
insensitivity to decoherence is a requirement H . 

In this Letter, a novel method is presented for com- 
pletely determining the atomic density matrix of the in- 
ternal state of an atom based on laser induced deflec- 
tion of a state prepared sodium atom. The experiment 
is a realisation of a suggestion put forward by Summy 
et. al. |10|-fi2[ and represents the direct measurement of 
atomic density matrix elements for a state with angu- 
lar momentum above J=l. The technique may also be 
used in the reconstruction of internal atomic metastable 
states. The motivation for this work was to develop an 
experimental tool that allows detailed information about 
the density matrix to be extracted from atoms. Using de- 
flection with low laser powers, for which measurements 
are sensitive to the internal atomic structure of the atom. 
The technique relies on the difference in atomic absorp- 
tion probabilities for individual optical hyperfine transi- 
tions that are not only dependent on the initial hyperfine 
populations, but also coherences between the hyperfine 
levels. Hence, atoms in different internal atomic states 
will be differentially deflected. It is shown that it is pos- 
sible to reconstruct the internal state of the atom fully 
via the measurement of the centre of mass motion of an 
atom after it has interacted with well-defined polarised 
deflecting laser beams. Moreover, it is possible to re- 
strict the number of measurements if only a small part 
of the density matrix is of interest. A measurement is 
presented whereby one of the features of the density ma- 
trix is probed, namely, the net angular momentum of the 
atomic state. The work presented here provides a "proof 
in principle" of the deflection forces' sensitivity to the 
complete density matrix. 

The F=2 ground state of a highly coUimated sodium 
beam was prepared in a known density matrix p3| . With 
a suitable set of measurements of the deflected momen- 
tum we show that the electron charge cloud distribution 
can be completely reconstructed. The net angular mo- 
mentum, or alternatively the charge cloud shape param- 
eter L±, was measured as it was varied from +2 to -2. 

A schematic of the experimental setup is presented in 
Fig. ^ A highly coUimated, velocity selected, sodium 
beam passes through preparation and deflection laser in- 
teraction regions before travelling down a Im flight tube 
to a scannable hot wire detector. Firstly the atoms inter- 
act with a travelling wave state preparation laser, with 
arbitrary but well defined elliptical polarisation. The 
atoms are deflected by a travelling wave laser with a 
pure polarisation (Trg^go, cr ). Both lasers will deflect 



the atomic beam providing an additional separation be- 
tween the deflected and undeflected beams. The atomic 
beam is velocity selected using two chopper wheels and 
has a velocity width of about 10%. The ellipticity of 
the preparation laser is defined by the angle of a quar- 
ter wave plate with respect to the ttq linearly polarised 
preparation laser. The deflected distance was measured 
by fltting two Gaussian curves to the peaks due to the 
undeflected F = I and deflected F = 2 atom beams. 

For a laser with a polarisation mode fc, incident on an 
atomic beam the deflection force is given by the diagonal 
elements of the atomic density matrix [lO|-[l^ , 



Pk 



E^wf 4(^ = 0) 
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where p^ (t = 0) represents the initial density matrix ele- 
ments of the lower state of the laser transition in the ref- 
erence frame "L" . The reference frame "L" is defined by 
the defiection laser. The z-axis is defined by the laser po- 
larisation and the a;-axis is defined as the direction of the 
laser in the case of linear polarisation and in the direction 
of the atomic beam in the case of circular polarisation. 
The D^{t) are deflection parameters relating to the op- 
tical pumping and momentum absorption process which 
occurs in an interaction time t. The preparation of the 
atomic state is defined in the "natural frame" for which 
the co-ordinates are fixed |g] . The z-axis of the natural 
frame points in the direction of propagation of the laser 
and the z-axis in the direction of the atomic beam. Euler 
rotations achieve transformations of the density matrix 
between the two frames |1J]. 

In this experiment differential deflection measurements 
are constructed using polarisations of the deflection laser. 
For example in analogy with Ref. jl^ an orientation pa- 
rameter, Po, is defined, 



Po ^Pa- -Pa 



(2) 



This is called the orientation parameter by virtue of 
its definition in terms of natural frame density matrix 
elements; 

^o = {D-J-\t) Dll it))ip^, p%_,) + Dl\p,, (3) 

Hence information about the density matrix can be 
extracted from a deflection measurement. The meaning 
of Eq. |3| becomes apparent when it is rewritten in terms 
of the natural frame charge cloud shape parameter L^ , 



±1 



Po = K2{t)Lf' + K,{t)Ll 



(4) 



where Lj_ refers to the angular momentum contained 
in the mp = ±2 states and the coefficients K2 and Ki 
are defined, 

K2{t) = cT^{Dj-'it) Dll{t));K^it) = DI\. (5) 

The Ki,2{t) parameters contain all of the momentum 
exchange, optical pumping and normalisation informa- 
tion. These parameters can be calculated experimen- 
tally or theoretically using a simulation of the interaction 



|11| , |13[ and they are relatively insensitive to changes in 
experimental parameters |16| . 

A simulation was performed by dividing the flight path 
of the atoms into 3 regions. The first was a QED simu- 
lation of the elliptically polarised preparation region fol- 
lowed by a free travel to the second region in which a 
QED simulation |l|,|l^ for a fixed polarisation was used 
to calculated the deflection of the atoms. Fig. g presents 
the results of this simulation for experimental parameters 
that correspond to the values obtained in the experiment. 
Fig. @a,b shows the populations and coherences between 
magnetic sublevels for atoms emerging from the prepa- 
ration region. It can be seen that the populations have 
a maximum below 1, this is due to losses in the optical 
preparation stage to the F=l ground state. 

Fig. He shows the actual momentum transferred to 
the atoms by the second interaction region in terms of 
the charge cloud shape parameters for a fixed a~ laser 
polarisation. The deflection parameters (-D™™(t)) and 
the optical pumping parameter {K2{t)) have a constant 
value as a function of the preparation angle. For condi- 
tions approximating the experimental conditions, a value 
of K2{t) « 3.45 was obtained. Contributions to the de- 
flection due to the Lj_ component are small and can be 
neglected in the analysis of experimental results. 

The reconstruction of the density matrix considered in 
this work requires the measurement of 9 independent pa- 
rameters, namely {p±2,±2,P±2,T2'P±i,±i'P±i,Ti'Po,a) ^^d 
a parameter relating to the total population of the state. 
Following the rules of the Euler rotations, it can be 
shown that combinations of the six available polarisations 
(''i'o,90j''''45,i35,o'^)and two different incident directions of 
the deflection laser allows all parameters to be obtained 
|16| . It is possible to determine individual matrix ele- 
ments from both the diagonal and off diagonal parts of 
the matrix, for example a parameter P^, can be defined. 



-Pa = {PO - P90) + iiPib - P135) 



(6) 



where pg is the deflected momentum for a deflection laser 
polarisation angle 0. In terms of the natural frame matrix 
elements Eq. o becomes, 



Ki{t)iP%+Pi-2) + Kmipl-i) 



(7) 



where 



Klit) = 2V6a„((i?°°(i) - Dfm Km = 2Dl\t) (8) 



In fact all density matrix elements can be measured 
by suitable arrangement of parameters. The coherence 
P2 -2 ii^ Eq. ffllQ is particularly interesting as it can only 
be created by a multiple photon process. Such a coher- 
ence could be used to create macroscopic superpositions 
of photon numbers in a cavity, or alternatively the pres- 
ence of this coherence could be used as an indication that 
the atom had interacted with a superposition of multiple 
photon states. 



-Pg = (Po +P9o) - (P45 +P135) 



(9) 



P,=Klit)pl-2 



where 



Klit) = a^{{Df{t) + 3i^r(i) - ^Dl\t)) 



(10) 



(11) 



The close resemblance of Eq. ^^ to Eq. #^ is to be 
expected as the density matrix elements p^o ^^^ Po -2 
are directly related to the element P2 -2 P5[ - 

Fig. y presents two measurements of the Po parameter 
as the preparation laser polarisation was rotated through 
an angle of 27r. The solid line is an evaluation of the sim- 
ulation for experimental conditions of laser intensity and 
detuning. In Fig. ^ja there is an additional feature in the 
deflection simulation at the angles 7r/4 and bir/A that has 
not been resolved. This feature is a result of losses to the 
F=l ground state in the preparation region. A second 
scan was taken for experimental conditions that max- 
imised the loss and hence the feature. This is presented 
along with the associated simulation in Fig. 0b. 

From this deflection data, the parameter Lj_^ can be 
extracted. The preparation method has an inherent sym- 
metry in that both a+ and a— polarisations are con- 
tained in the elliptical polarisation. This symmetry has 
been used along with Eq. #2 to construct Fig. Q, the 
symmetry can be applied in two directions and the re- 
peated result is presented with closed circles. 

These results show that deflection measurements are 
sensitive to the polarisation of the preparation laser and 
hence to the atomic charge cloud shape. A complete 
measurement of the deflections due to a higher number 
of polarisations can be used to reconstruct the quantum 
state. 

We have observed the sensitivity of the deflection to 
an atomic charge cloud shape parameter and we have 
shown that a suitable set of measurements can be used 
to completely reconstruct a density matrix of an internal 
atomic state. The simulation demonstrates that the de- 
flection is also a sensitive detector of ground state coher- 
ences. Work is currently underway to replace the sodium 
beam with a Zeeman cooled metastable Neon beam. This 
will have the effect of greatly increasing the resolution of 
the system by considerably reducing the losses owing to 
the absence of a distant ground state a cooled beam will 
also increase the perpendicular deflections of the beam. 
These effects combine to reduce the errors by two orders 
of magnitude. 
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FIG. 1. The experimental setup. In the current exper- 
iment a preparation laser prepares an atomic orbital shape 
which is then deflected by the probe laser. A change in one as- 
pect of the prepared dipole produces a corresponding change 
in the deflected position of the beam. 



FIG. 2. Simulations of the prepared density matrix ele- 
ments and the corresponding parameter variations. Fig. (a) 
and (b) presents the populations and coherences respectively 
that leave the preparation region. Fig. (c) and (d) presents 
the variation in the experimentally measureable parameters 
relating to the angular momentum ground states mp = 0, 
TTiF = ±1 and mp = ±2 and the coherences between these 
sublevels. 
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FIG. 4. The experimental evaluation of the parameter 
L^^, evaluated using Eq. ^2 as the prepared angular mo- 
mentum state was varied between -2 and +2. The calculation 
is performed using the inherent symmetry of the data and 
is applied in two directions. The repeated evaluation is dis- 
played with closed circles. 



FIG. 3. Experimental measurements of deflected dis- 
tances, measured in photon momenta, as a function of state 
preparation. Plot (a) presents an experimental scan as a func- 
tion of the rotation angle of the laser polarisation along with 
the simulation of this deflection. Plot (b) presents a second 
experimental plot and associated simulation, taken for condi- 
tions that enhanced the visibility of the loss feature at pi/4. 



